Magnetic resonance imaging (MRI) is the state of the art approach for assessing the status of the spinal cord noninvasively, and can be used as a diagnostic and prognostic tool in cases of disease or injury. Diffusion weighted imaging (DWI), is sensitive to the thermal motion of water molecules and allows for inferences of tissue microstructure. This report describes a protocol to acquire and analyze DWI of the rat cervical spinal cord on a small-bore animal system. It demonstrates an imaging setup for the live anesthetized animal and recommends a DWI acquisition protocol for high-quality imaging, which includes stabilization of the cord and control of respiratory motion. Measurements with diffusion weighting along different directions and magnitudes (b-values) are used. Finally, several mathematical models of the resulting signal are used to derive maps of the diffusion processes within the spinal cord tissue that provide insight into the normal cord and can be used to monitor injury or disease processes noninvasively.
Introduction
Magnetic resonance imaging (MRI) is a noninvasive tool that provides a window into the brain and spinal cord in both health and disease. MRI has revolutionized clinical diagnosis, but it is also a valuable tool for laboratory investigation. Animal models of neurological injury or disease provide a platform to understand the pathophysiology and accelerate discovery of therapies. In this report, we demonstrate the application of MRI to a rat model of spinal cord injury to investigate potential biomarkers of microstructural injury 1 using diffusion tensor imaging (DTI). The potential discovery of imaging biomarkers will help in the diagnosis and management of patients with spinal cord injury. These markers are likely to play a role in discovery of therapies in preclinical models and enable observation or prognosis in their translation to the clinical setting.
DTI is a specialized form of MRI that measures microscopic motion of water molecules (i.e. diffusion). DTI has been particularly advantageous in the nervous system due to the presence of axons where diffusion is disproportionately faster along the axons than perpendicular to them, which provides information regarding their orientation and microstructural composition. Scalar indices derived from DTI, including a measure of the overall diffusion within the tissue, mean diffusivity (MD), and a measure of the orientation dependence of diffusion, fractional anisotropy (FA) 2, 3 , have seen extensive applications in characterizing the microstructure of the nervous system in both health and disease 4 . These metrics have revealed microscopic tissue features that are invisible through most other MRI methods. Previous efforts demonstrated that DTI detects remote microstructural changes within the cervical cord following thoracic SCI in rats 1 . The DTI changes remote from the lesion likely reflect how the entire spinal cord responds to injury, and are potentially a marker of secondary injury.
Imaging the rat spinal cord in vivo presents several unique challenges. Most notably, the spinal cord is affected by respiratory motion and requires careful attention to minimize motion using several methods. In past studies, immobilization devices removed motion of the spinal column during scanning 5 . For imaging of the cervical cord, we utilize physical restraint in the form of a head holder and ear bars, which attenuates, but does not eliminate motion caused by respiration. Furthermore, we utilize a custom respiratory gating scheme to synchronize image acquisition with the respiratory cycle in an efficient manner. These modifications enable removal of the artifacts otherwise caused by the large-scale bulk motion caused by respiration 6 . DWI is highly sensitive to microscopic motion, including CSF flow and blood pulsation, and these smaller sources of motion contamination are also alleviated by the respiratory gating scheme. Additionally, the spinal cord has a small cross sectional area and represents only a fraction of the field of view. For cervical spine imaging, in which the spinal cord is situated deep within the body of the animal, a cylindrical radiofrequency coil with adequate signal penetration is needed to image the cervical spinal cord with high resolution. A reduction in the field of view is achieved by outer volume suppression (OVS), which also serves to cancel, or spoil, the signal from tissues outside of the spinal cord. This method, called spoiler gradients or outer volume suppression, also serves to reduce any contamination of residual animal motion, CSF flow, or blood pulsation within these tissues.
Animal Preparation and Monitoring
1. Anesthetize the rat in an induction chamber, using 5% isoflurane in medical air. When the righting reflex is absent and squeezing the hind paw produces no withdrawal reflex, reduce anesthesia to 2% and transfer the animal to the scanner bed in a head-first prone position. Maintain 2% isoflurane through a nose cone device throughout the procedure, and keep medical air at a flow rate of approximately 1 L/min. Apply a small amount of lubricating ointment to the rat's eyes to avoid damage to the cornea while under anesthesia. 2. Place a respiratory monitoring belt securely around the rat's torso. Connect the belt to a respiratory gating system. Before advancing the rat into the scanner bore, check the respiratory monitoring computer to ensure the respiratory cycle is clear and consistent. Adjust the belt if necessary, since this step is imperative for image quality. 3. Monitor and maintain the animal's body temperature at 37 °C through a rectal probe and warm air heating system. Maintain the respiratory rate between 30-45 breaths per min by adjusting the level of anesthesia between 1.2 and 2%. 4. Position the rat in the head holder with a bite bar and screw-in ear bars (Figure 1) , and slide the head into a quadrature volume coil until the cervical spine is positioned in the center of the coil. NOTE: The rat's shoulders may prevent further progression into the coil. 5. Advance the rat and supporting holders into the scanner bore. If applicable, adjust the tuning and matching capacitors of the coil to the proper frequency and impedance according to the instructions provided by the coil vendor.
MRI Scanning Parameters
NOTE: The procedures described here used a 9.4 T horizontal bore small animal system but are applicable to other field strengths of small animal MRI systems.
1. Use the MRI system's automated procedures for detection of the resonance frequency, iteratively improving the homogeneity of the magnetic field (shimming), calibration of the radiofrequency power, and adjustment of the receiver gain. 2. Using the system's software interface, obtain a default three-plane scout scan to ensure correct positioning.
1. Click "New scan", select tripilot, and click the "traffic light" to acquire the images. 2. Ensure the center of the cervical spine is aligned with both the center of the magnet and the center of the MRI coil. To center the spine within the magnet, push or pull on the cradle and reacquire the scout scan for verification. 3. To adjust the position of the cervical spine relative to the MRI coil, remove the cradle from the magnet for repositioning. If necessary, repeat this process until the position is consistent. If the animal is repositioned, repeat step 2.1.
3. Add a new echo-planar diffusion weighted spin-echo sequence (DtiEpi) to the current imaging protocol. 1. Configure and acquire diffusion weighted images with the DWI sequence using the default settings except for the following: 2. Open the slice position graphical interface to prescribe 12 slices with a thickness of 0.75 mm. Orient the slices perpendicular to the main axis of the cervical cord. Ensure consistent slice positioning between different animals or across different imaging sessions using the base of the cerebellum as an internal reference. 3. Set the saturation bands to 'on'. Position 4 saturation bands with a thickness of 10 mm outside of the spinal cord to minimize the signal from these tissues and reduce their potential to induce artifacts (Figure 3) . Set respiratory gating ('trigger module') to 'on'. NOTE: The custom respiratory gating requires knowledge and experience in pulse sequence programming. If this is not available, a workaround is to reduce the number of slices to 3-5 and the TR to 1 s to ensure that all slices are obtained in-between breaths of the animal. Repeat the full sequence with the other subset of slices to obtain the full coverage of the cervical cord. 4. Click the toolbox icon and then click "Edit method." Set the number of EPI segments to 4. Change the phase encoding direction to leftright. Other default settings should be: echo spacing = 0.3234 ms, total echo train length per EPI segment = 32. NOTE: The phase encoding set to the left-right direction rather than anterior-posterior will reduce the contamination of motion from other structures. . Hardware specifications and other system performance characteristics may limit the b-value, since diffusion gradient duration (δ) and diffusion gradient separation (Δ) are dependent on the gradient performance, which on our system were: (maximum gradient strength: 440 mT/m, maximum slew rate: 3,440 T/m/s). For measurements of kurtosis, 2 b-values, with the higher b-value of at least 2,000 s/mm 1. Export data from the system in DICOM format directly from the system (preferable) or convert the data to NIFTI format using custom or thirdparty software. 2. Perform susceptibility artifact correction.
1. Extract the b=0 volumes from each scan into a single file, using utilities provided with FSL or other MRI software packages. One file for each phase encode direction is required. NOTE: For example, if each scan consisted of 8 scans of varying b-values with diffusion weighting in the transverse direction, followed by 8 scans of diffusion weighting in the longitudinal direction, the image file contains b=0 scans in the 1 st and 9 th volumes, and can be extracted and assembled with the following shell code: fslroi ${up}_dwi_masked.nii.gz temp1 0 1 fslroi ${up}_dwi_masked.nii.gz temp2 8 1 fslroi ${down}_dwi_masked.nii.gz temp3 0 1 fslroi ${down}_dwi_masked.nii.gz temp4 8 1 fslmerge -t blip_both temp1 temp2 temp3 temp4 (where in this case $up and $down are the scans with normal and reversed phase encode directions, respectively). 2. Use the 'topup' command in fsl 10, 11 to create a corrected file with reduced image distortion artifacts. Apply this correction to the raw DWI images to be used for creation of parameter maps. NOTE: Instructions for use of the command can be found at http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/TOPUP/TopupUsersGuide. Example code to use the command in this case is as follows: topup --imain=blip_both_nlmf_b0images_masked.nii --datain=../topup_data.txt --config=./b02b0_ratspine.cnf --out=topup_splines_nlmf --iout=$out --verbose --logout=topuplog.log dwiup=`ls ${up}*dwi_nlmFilt.nii` dwidown=`ls ${down}*dwi_nlmFilt.nii` applytopup --imain=${dwiup},${dwidown} --datain=../topup_data.txt --method=jac --inindex=1,$ind --topup=topup_splines_nlmf --out=DWI_${out} -v Copy and edit the default file in ${FSLDIR}/etc/flirtsch/b02b0.cnf for the rat spinal cord by reducing each of the values in the --warpres and --fwhm lines by a factor of 10.
3. If images with diffusion weighting are acquired along at least 6 non orthogonal directions (using a DTI scheme in Paravision or a similar custom design), use software packages such as fsl's Diffusion Toolbox 12 or Camino 13 to calculate standard DTI parameter maps. If not, use a custom procedure for generating useful metrics, which employs diffusion weighting only along 2 directions, for example, as indicated in steps 3.4 onward. 4. Load the corrected DWI file outputted by TOPUP into fslview and select "File -> Create Mask" from the menu. Use the pencil tools to draw a region of interest within one tissue type (for example GM, dorsal WM, or ventrolateral WM). Save this file and repeat for any other desired ROIs to use later. NOTE: Other procedures to segment ROIs from the spinal cord have been documented 14, 15 and may be preferable for advanced users. The left column shows a single slice imaged with the DWI sequence as outlined in this protocol ("blip up" image). The middle column shows the sequence acquired a second time with the "reverse blips" set to 'on.' Note how features that appear stretched in the first image appear compressed in the middle column. The right column shows the diffusion weighted images corrected using TOPUP. The top row is the non-diffusion weighted image, the middle row is an example with diffusion weighting applied in the transverse direction, and the bottom row is an example with diffusion weighting applied in the longitudinal direction. Please click here to view a larger version of this figure. 
